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REACTION RATES FROM ELECTROMAGNETIC 0.’.(” 3 DATA

John Vorthman, George Andrewe, and Jerry hackerle
Loe Alamos National Laboratory

Loe Alamoa NM 87544

I
‘L’he determination of reaction rateu in ●nploolves from exper-
imental data le a taak that requlree a grent deal of care,
patience, and curve Clttlng. We have round that by rneaaurlng
more cruantltlea than nre mathematically necrnanry ror a com-

plete-Lagrnnge nnalyela, curve rits t; expcrimefital datn do
not have to be ea exacting aa otherwlae required. We present
an experimental technique Bpeclrlcally dealgled fbr the de-
termination of global reaction ratea wl)lch usee both cmbetlded
●lectromagnetic Impulse and particle velocity gauges. The
methods ufied to erflclently analyze the clnta, nnd the Peaultn
and conclualona reached from several euch atudlee are &180
presented.

INTRODUCTION

T:le determlnntlon of ~lnbal renc-
tlon ratea f’rom embedded-~auge dnta haII
been a modest, but continuing effort at
I,oe Alamoe ror nearly a decado [1-4J.
Other lnboratorlee hnve had almllar ef-
l’orta L5-7]. The usual procedure la to
conduct onc-dlmonalonal experlmento to
mennure, 1~ a aurrlclently reacting cx-
ploetve, the prztrnure-~lelrl hlntory,
n(h,t), or prirtlclc-veloclty-rleld
history, u(h,t), or both, over oa large
a Lagranglan dlatnncc-tlrne (h,t) rcg~on
Rn prnctlcR1. l’hrrne dntn are tllcll
t,rr~ted Uibh n I:o-:nllcd l,u~l’~llgr nnflly-
nln, lntc~rnting tile conrrcrvatlnn rclm-
tiunr.r ror momentum, matr8 and mncrgy:

au 1 ap..- ■ - —. -- ,
at Do ah

a(l/11) 1 au.--. .—. - =. ----- ,
at. PO ah

(1)

(2),

ae a(l/fl) .-- ---- , (3)p au------ :) -.. . ..._9 -
at at P. ah

rnte. r - hAlat. which cnn he correlated
to the other state varlnhlea to postu-
late, evaluate nnd calibrate “rate Iawa”
ror the eaplonlve.

In thin ,papcr wc dencrihe electro-
magnetic (M) ~tiu~ln~ cxperimcnta npc-
Cirhnlly rleelglled [’or Llle [ictermlnntion
of’ reuct~on rntr?n in ohockcd cfplofrlven.
Projectllen rrorn a llght-gnn fiun nre
unnd to ~cll,~r:lte Crnc-cllmrnnlofl-il rehc-
tive rlOw 111 high-nxploeive :,ar~rt. ,
with impact vclocltlra chorrr:l Go thnt
the r?xplohlvc la lII,IllfilnR up to, hut
dots not fIttnln, rh?tollntiofl ill the dl:l-
tflllc~’-tlmc tvsKlrwl cnvcrwd by Lhc mrno-
urcmuntnm Thw oxploalvr! Imn n clIllrc-
tlon 0!’ clcctricril conductor (the EM
~nugr? pflcka~c) cmhedrlnd Ln it nnd la
aurroundf~d by nn cxLcrlwll mn~n~tlc
rlcld. The moulm Or th conductor Jn
thr+ mn~urtir! !’irrLd ~f~llcrntco n cnllFc-
L1OII Or vol’..~~~cn tlwlt nrc IIFCIII”CICLI rinl
lntnr unod Lo llf~trrmlne the pf”cncruru-
nnd vl~]n~~ty-ri~]dhint.rrrlcfr tllrit chnr-
nctnrtze tlm llll~)[!k-lll(lll(!l”(l wnctlvm rlow
In L)w t?XIJlfInlVf!. l’hu mum! pnckn~e we
prvncnt.Jy UIIW nllown LIIf! mrnflurvml’tlt or
purt.lclr! vrlrrciLy rtrwl Impul.lo.-thc Lime
ifltogrMl or the prcnnurc--:lt rivrq locn-
tlofwr in t.hr f“xplrrnlvf’. I’llln Ilrovi(l-n

nurrlclont dnt.m Lcr pcrf’orrn tlw~ l,n~:rullr,c

arul lynln nwd rntu dr’tnrmlnntion.
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evaluation or epaclal gradlenta through
a fnw gauge location~. Consequently,
Lagrange 8n81Y811J becomes a Conelderable
excrclne in curve fitting.
ea,lier work [1-3,5], only p~eam~!%
measurements uere acquired, ❑o that the
calculated denelty- and energy-field
hlstorlen ●ffectively depend on the cur-
vature of the runctlonn rltted through
the datn. With the new ayetem, ainfile
appllcntlone of rlrat-order epatlal de-
rlvntlvee mul’rice for bll of the nnaly-
Sls. Xnvestlgatlonn ualng only preneure
data required comblnlng reeultn from
several dlrrerent nhut ●xperlmenta, and
small shot-to-c.hot variations In loading
condltlonc nrld reaction hletorlen added
dlf’riculty to the analysen. T)le new
system hns some potential ror C’urther
mlnlaturlzntlon and ham leso prnblema
with electrical breakdown of gauEe
lnnulation than encountered with
Hanganln pressure gauges.

hNALYSIS OF TNE OAUUE RESPONSE

The development of’ electromagnetic
WIFt.lCIC-VCIOCltygaugea I%r ahock-dy-
namlc measurerncnta 10 over two decndea
old [8], and prov~dcd tile rlrst ln-mate-
rlnl gHUglIIK ol’ any kind in rcnctlng cx-
Plunived [9]. The uflual tlct31gn In
skcf,chcd in Fig. l-a. When a nhock hmo
traveled rrom tile projectile-target ln-
terf’ace print the line hc, t,he wire neg-
m~nt hc wtll he mnvlr:g with the locnl
pllrtlcle vcloclty Or the tnrgct mat.erl-
al. Fnrndny’n law glvcu

rnr the voltnKc, V, producnd in the
wll”c , where 11 rcpr,. ‘. ,iLn the m:l~untlc
rlrld (Lnkcn to bc unlrorm Hnd collntnnt
in the lnboratJi’y, or Kulrrinn, rc!’~r-
cnr,r frame), IIIKI the nurrnw ~IILPRIInl
Includmn tllc ch~n~tflg nruh, 5, irlnldw
Lhe wire lr,op, Cnll xt the Ku]crlnfl co-
ordlnnte or the wire arp,mcnt hc mId c
LIIe connt.nnt lrn~th or Lhr negm~nt bc.
‘1’hcfl, ir 11 In perp~!lldtculnr tv Llln I]lnne
01’ ttlc ~nu~t?,

v. -11! ,:L I:,(!X - 1 Ilu , (4)
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c %cked!~d

&cE!’
b

Fig. 1 - Elcctromn~netlc (lauges.
(a) Velocity gauge, (b) Implllur gauge.

neither widely known nor uecd. Preaaure
can he round with Lhe cxperlmentnl con-
rlguratlon shown in Pig. l-b and n
slightly more compllc~ted nnalyais thnn
that used ILbove. With the Eulerlafl-
i,a~rallgimn trr~n~rormation P dx - no dh,
Far&day’a law glvcs

P.--l! !-!-Jc t[ine (h-b) -= dh
dt b

N(lt.ltig tllnL II(c,t.) ~ 0, CIIIWhnn

v = II t.nllu jcu (II1 . (t)
1)

C(mllr:
ill the

l!nll hl!

m

?
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wt.ere u (h) 1S the partlcie velocity
behind tke shock and t (h) the nhock ar-
rival time, both depe~dlng on the dlm-
tance coordinate alone. Use ol’ momentum
coneervatlon, Eq. (1), and transfer of
the npatlal derivative to outnlde the
lrttegral give:

t aFu(h,t) = U1 -~ j __dt,
P. tl

I

- u, -1 ( &/~ pdt’
P.

% ) .- ‘1 dt~
I

Noting that dtl/dh la Junt the
reciprocal of the shock veloclty, U
thu rlrst and third term of’ tt)e last ~~
quntlon c~ncel rrom the llu~oniot rela-
tlon, p, = D u U . Derlning the
lmpulse~, I(h,$),’ ad the time integral
Or the pressure, there results:

With thin prcpnratlon, cvnluutlng
the r~nponsc Or the lmpulne gnu~e 1S
nimply n mni.i.cr of nubntltutirlg Eq. (6)
f’or Llle particle velocity lrr I?q. (5).
ThlrI glvea

I c a I 1)“ v
I(h,t) - - b ~ti dtl =

N “ta’rl~ (7)

ror Lllc lmpulnc nt t,h~ npex Or the ~rlu~o
clcmerli until the nlIuc!: r~nchrn ~,olnt, c.

l’h~ d“’Lcr”mlrlatlon .m prcnnur~c rrom
Lhp lmpulnc mf~nnurl!morlt rnqulrcn nomm
lllrrmr.crlLi.lLl(lll Or dnLn. A rrlml)lo?, tr
Ilot, nlwnyn l,f~nt, method i n Lo rvnlunte
Llm Limp drrrivntlvc:

l!,,
P(b,t) - :: = Ilv

II t.llri-11 dt “
(n)

A PRACTICAL DI?SION

In practice, meaaurlng particle
velocity and lmpulne In not am nlmple na
lnnertlng wlreo into an ●xplonlve. An
the explosive reacta, care muRt be taken
to nmmure that the gaune elements move
with and not throl:gh the gaaeoua pro-
ducts. In addltlon, the explosive pro-
ductm are clectrlcml?.y conductive no
that gauge lends nhoulfl be lrnulated
[11]. Ir, an come workers prerer, par-
ticle-velocity gauCe lenrla aee brounht
out or the explosive paral:el to the

shock f’rent (unlike the ~auge shown In
Fig. 1), cnre munt be :mken to asnure
that twc,-dtmer.alonal f’low does not cause
the leada to aprund nnd R~nrrate extrn-
neoua voltnE-s [1.?]. The f’inlte width
Or the Knuge Irqrln cnn aiso be n problem
when trying to meaaurc the diaLance t
(ace Fig. l-a).

The gau~e pnckfl~e flhown in Pit:. 2
waa deaigrluft to mlnlmlze the Phnve
problcma. Lendrr nre only loo-urn wide
and 18-Um thick, nnd n ru rlnndwicllcd l)i*-
twecn two 25-vm-!.hl~k Terlon ~hnct.n.
The ‘l%ilon cofltlrl~ nctm an iI m~ichunlcml
nullnt.rnt~p rI hnrricr Lo Ran ?1OW nrc)und
t,tle condr.rctora, nnd nn el~ctricnl
innulntlul:. AI ml Ilum (sufl(lur Lr!rn n rw
usnd hccnusf? thltr mcLnl In n reli!Llvoly
good nhock impcdnrl(!n mnLch Ln morrt ,:x-
plonlvcno ‘!’Illn lmpnflnrlcf” mnLcll mlnl -
mizr!u hnth porrLurlmt.lurlcr Lo tllu rlnbr Illlfl
pr.ohlmmm W1i.tl ~:nll~r lrntln l,ullclllrl~
t,hr”ou@ tile T?rlfm nll(.fst.

TIM! KIIUW? llnckn~e in lrlnorLr~,l lr,l,o
Lhc nxplnrrlvc fit iiII IIIIKIP, nn nl,fl~rl in
FIR. 3. wli~ KIUIW lnn~:rtlnn l.~~clllll.lur
hnrr Lhc JIIIV,IIIL,IKV Ll]llt Lllp oxlili)rrlvr
IICP(I ho uIIcc!I only t)nl!r, ,VVL lorn Lon
r:ich Imlr Ur lrrilml::vnnd vrlr)r!f.y gnll}:r~n
n t. !11rl’~r!!rlL ~loptllrr Irl LIN* ISRI I) CIII! WI.
Wr v~)mmolll y IIIIV n KIIIIEP I.wlekn}qo I rlr I 1lwd
Lw[!tlLy or LlllrLy ,Ivj:rt!on Lo LIN. lmlj,lcL
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face Find 2-mm aeparatlon of gauge palm
in the package (Bee Fig. 2), glvlng 0.7-
or l-m!fl spacing of the gauge elementn In
the dlrectlon of particle motion. amuge
leads nre brought out through the rear
●dge of the target and the gauge-package
,Ilmennlone are limited uo thaL two-dl-
menekonal errecta cauaed by edge
r~refactlona are nvolded.

The gauge package Rnd target are
assembled by first bonding aluminum roil
to a Terlon sheet that hno been speclal-
lY treated to accept the adhealve. The
glue bond 10 kept aa thin as poaaible,
typically abOLIt 2-Urn thick. Ne:t, the
conductor pattern nhown in Fig. ? la
photo ●tched from the metal. (lauge :on-
atructlon is completed when the top or
the conductors are covered with auocher
Terlon sheet, alao bonded in plnce.
Next, the exploalve sample la allced,
the Eaugc packaKe lnaerted, nnd the ex-
plnaive plecea glued together. It ia
important to keep the RnuEe-glue combl-
n~tlon aa Lhln aa poaulble. If the
Rnuge nr glue la too thiok, the gauge
will not record the bulk reaponae of’ the
exploalve. The type of’ glue uwd to
hold the gauge In the cxploaive can alno
arrect the reaponae cr the gauge. Some
glucn npproved ror uae with cxplonlvna
cofltmin uulv~nta tlmt can cnunc omall
v(JIIIn in the ex~loaiv~ near the ~:mu~e

I
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I

pnckagc. Such EIUca are to be avoldcd
ir ttle bulk renponne or the cxploaLve la
to he mcnnured.

The unirorrn ml:gnetic f’icld indi-
cnLrd in Fig. 3 la Ilruvided try a npr-
clnl{,v conntructrd clcctrumu~rlutm ‘1’llc
t Wo pole Illcnr!n ror tile mn~nct n rc
0.2Fl-m nqunrc nfwl ().25-m thick, nnd Ilnvc
n 0.2R-m rrnparation. I’lmnc pnlc pl.ecra
nrn tlcolgnnd Lo be lnLugrnted lrlto uur

$.r\#u 11, M[l
-:~y:”l 11111.IAL I Ilr-..- . ...-’

/’ .. . f.. \

gaa-gun target chamber, which aerveu aa
the yoke and magnetic re~urn pnth rw
the ayatem. An aluminum alloy cylinder
inside the magnet pOIOU ia used toprotectIt and the target chamber rrom
shrapnel rrbm the target araembly. The
magnet pole pieces are each wound with
three pnrallel colln on a O.1-m iron
core, powered by a 15-V, 300-A regulated
DC supply. MaUnetlc field atrenEtha nre
meaaure4 ror ench experiment, arid nre
typinally 825 g~una. A centrnl, 25-mm,
cubic region betucen the poles haa been
ahown to have * 0.5-percent cnlf’ormity
in magnetic rleld, and the gaugs packa~e
la located within this region f’or all
●xperiment. I)ieturhance or the magnet-
lC rield by an lncnmlng, conducting pro-
jectile waa avoided by uslnf? the plaatlc
proJcctlle extenalon $tnd filumlnum oxide
(chonen ror high ohock impedance) rlYer
depicted in Fig. 3.

The magnetic-rleld atrengtha,
uau~e-clement dimt?noions and particle
velocities Or our experiinente combine to
Rive typical signala of’ abcut a volt.
Thene dcra recorded vn Tekt.ronlx Model
7844 oocillol.copes or, more recently,
Mudel 7612 tranelerit dlgltlzera. In
both oaaeam the mlm~la nre rccnrded
through Mod-cl 7A13 nnrl 7A24 ampliricrn
usual in the dlrrereutlal mode. SIIIEIC
ended mcnaurernentn orovcd to he lmprac-
ticnl hecduae 01’ groundlnE problems nt
che Uauge.

In tl:io pmpcr, the cxpcrlmrntal and
ana]ytlc methods dlscusaeci abnvc arc
llluntratod uith two reoulta I“or
l’l)x 9501, n plnl.tlc-boll(lcll, 95 wcl~tlt
pcrccnt IIMX nlmll~r to the PDX9404
Studlcd prr?vlolluly [21. ProJcctllrf
vclocitlcn nrld cornmlc rlycr Lhlckncnneu
wt~i’c chosen tu Rlvc n 3.!l-Gl’n nunt~lncd-
nhock input for WIN? c?xpr?rlmwlt and a
3.9-Ul’a, 0.h5-lia pulnrml irlput. ror the
Othf~r. In I1oL.I1 cr~n~n, tlm rlrnt Knu~o-
elnmnrlt nnlr wnn nlmwt 0.1 rwn rrnm LIIC

b

.’r.SIIIIIIAI 14AI.rn r Ic
r 11.LII

~ Al , Il. IIIIJI
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/

[

\
‘. ,.lql

:IAIIIII
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nhor”t-nhock tt~nt. ‘1’lle drcpPIlt Plcmf”rlt
pnlr wnn lenn Lhnn h~llr or t.hr run din-
t,nllum ;n ~lcLf~llnLlorl ror both Or LIIPlu.-
put rllluok c.]lld; ttorln vlmnerl. Irnpulne
nrwl lmrtlclc-wluclty dIILII r[lr Lho !.wu
rxl)urimrllL~ nrc IIIIOWII un I’rwnmn (n) nlwl
(b) in Plgn. U nrwl J.
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the Ltugrnrrge analyaia or theme data in
best accomplished unlng the no-called
patl,l. ine method [13]. in thin analytic
technique, the gauge data are ~ltted
alon~ arbitrnry pathm oonntructed
through the ●ntire h-t space OC the
observatlonm. The spatial derlvatlvea
in 5qs. (1) to (3) are replaced with the
directional derlvatlven, according to
the tranErormatlon or any rotate vari-
able, f, by

(9)

where dr,~dh denotes the derivative along
tile pathllne and U = l/(dt/dh) la termed
the phase velocity. Although thlm
trqnarormatlon replacea an interpolation
through a f’ew gauge locations with the
dll’[erence in two quantitlem, thla deem
not lead to a less accurate analyala.
The pathe are chosen analytically, BO no
error occurs in U; the ar/at are rltted
through den~e data at each gauge
station; rlnally, the paths can be
chosen ao that rotate varlablea do not
change along them an much as at rlxed
time, so that the dr/dh are ernoo~her and
more accurately evaluated than the
ar/ah.

With tile combined impulse nnd
vclnclty data provided by the KM gauge
packa~e, an alter=natlve to time dlrrer-
cntlatiorl Or the Impulse recordn la
allowed by tile pat,hllrre analyala method.
Applying the tranarormation I?q. (~) to
the Lmpulae, and llfiln~ Eqn. (6) and (F))
ror ita tipntial and time dcrlvativea, we
)lave :

p(h,t) = ( P. U + %) U. (8’)

Note the rcncmblancc or thle cKprcsfllon
Or the p?coaure to the llu~oniot rcln-
t lrlll , with tlIn the pllnnc vcloclty Ln the
rule or a nhock vclriclty; it reducpn tJO
ttm IIul:urllot relatiun orl the riret path-
llnc, where Ii = O. I

Wltll the prcslrure-1’iclrl hi~tory dr-
rln~d hy I+q. (8) or RI. (a’), LIIL!
lln~rwnce nnnlyola in complctcd hy tllc
Irltnfirnt.lorl Or mnna nrld crlcr.Ry coflnorvM-
tlun, Itqu. (2) and (3). Ilcrlnlng the
compronolun, n-l -Po/lY , thcrlc u ro
wrltburi:

rind

C(h,t) - e,(h) -

The Lagrange analyeem ol’ tne two
experlmentn demcrlbed above hea a ome
common reaturem and Borne lmport~nt dlr-
ferencee. in both caaea, the analymls
waa done with a cvnatructlon ol’ 101
pathllnea. Shock atatea on the rliwt
path line were apecirled by ritting the
Inltlal particle vclocitlee end ualng
the known unreacted HuConlot ror the ex-
ploeive. Mathematical cubic apline
rittlng wao uncd to conat.ruct ❑mooth
runctions or Lhe impulse- and veloclty-
gauge hlatorlea; these rlttlng runctiona
are shown as solid curvca in rramen (a)
and (b) of’ Flga. 4 and 5. The integra-
f’on Or Eqs. (10) and (11) waa
accomplls}led with n almple dirrerencing
scheme ror both analyaea. Our present
mnnlyaim determlnca denalty and enerEy
hiatorlea at the gauge locationa only.

For the arralyala or the nuatalned-
ahock dJil, nimple time dirrerentlatlon
Or thr~ tmpulse data waa found nn ade-
quate means of evaluating the preanure
hlmtorlea. Evaluating the de?iv~tlvea
Or the apllne rittlng f’uncLIOna Or
Fig. 4-a gave the rulrly plcaalrlg result
shown in Fig. h-c. An ullcomp’irated,
regular pllthllne construction waa alao
round adequat~; every tenth pathline of’
the conatructlon uacd la rihown In
Fig. 4-II, with the flymuoln indicating
the extent or the data. Pathline ricrlv-
ativoa Or tile parLlcle vclocltlcn,
du/dh, were Cvalufltnd by cubic Rpllnc
rltting or I’lve vcloclty vnlucn on ench
pnthline nr~d cnlculutlng the dcrlvatlve
nt each Gauge lo~atlorl. Thene were com-
bined with the ttme dcrivni,ivca Or the
velocity and Impulse rittlng rurlctluna
md the analytlc rormu:atiolla of’ the
phnoe veloc~tlco to compute tllc density
and c no rgy Ilintorion nccordlng to
llqn. (10) and (11). I’l)c rcnulta nre
ahown In FIR. h-e Brld 4-r arid nre
olmilrir in rorm and rcauonubly rugulur.

::nmc modlricutloll Or t.hc ~lmlynla
la rlv,,llrrl tn tr’cnt uhurL-allock dnLn aucl]
nn ullown in I+lg. 5* AI LhouKll the
lmpul~e dutn flr FIK. !I-n Gllrlw u omc
hrwuktr mId klllka u~fio,:lnted with tllc
nucccnoivc rurcf’acLlorla cvid(!nt in LllrJ
V(!luclty dntn, rcnnollull 1F Ilrcuuurc
hintorlcn could not II(! OIIL.IIIIW(l hy
Oim]llo time dlrrcrcnLlntlnf! or rll)llnr
f’urlctlorrn rltbxl t,o ttlr lmpul nr
hinLor’1.cc. Con~c,qucrlt.ly, tllr! nltcfl-
rmtivc nruiLywirr or prnHr4um! hlnturlfln,
thI. (8’), wnn IiIIr2d. [rl of-clcr Lo nvold
Imtllllrlc to pnLlllirln lrr{!MulnrlLy lrl I,llr!
II, rJu/dh IIIId dl/dh rur!Lr)rn Jrl kiln. (8’),
(10) nrld (11), 1L wnn lw~rf!nnnry to Ilrrr
VPry ,Iow-orvlvr, nmimLil ~uIIcL I [nln I“nr
rlL1.inM vcloclly nlld llnlnll[lo hlnll~ Llle
pnth 11 Ilcn , :Itwl ~nr LIIC III IL IIIIII(I ~drl(:-
L1OIIO ILL! Well. ‘1’111n wnw ncI:mIIII I I nlwd h$
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Fig. 6 Reaction and rate hlatoriea ror auatalned-mhock experiments.

f’itting ce-taln key path llnea through
the flow leaturea or heada and talla or
the rarel’action waves, and apaclng the
intermediate path linen evenly; the
resulting conutructlon la shown In
Fig. 5-d. We WCPS able to use single
quadratic aegmenb. ror all rlttlng runc-
tlons. ?he salculnted preaauresr shown
lrt Fig. 5-c have a generally increasing
character, with muperlmpnsed reverbor-
atlng rareractlon rrntures syflchronjzed
with similar reaturea in the velocity
records. The rlctallod structure or the
the prerraure blot.oriee lri primarily due
to tho Pou term In Eq. (81), and th-
dI/dh term provldva tile lrrcreaalng chat”-
acter. Slmilflrly, in the ca:cul~tlon Or
dcnn~ty nnd energy hintorlen, it 1s tho
du/rih term in Ftqs. (10) and (11) that
dctermlnea the general trends mnd the
term with au/at t.hut nuprrl.lrpoeca th
detallnrl structure. Thin nbllity or tho
expr?rlmentul denlgn tind analyulu to coll-
rlc!ct prcumure, dnmrlty Hllrl cnc r~y
hlntorlca nll to t,lc pnrtl.cln-velocity
hlatmrlcn pcrmlt.n Lhc plmnnlng rcnults
in FIR. 5 a,~d ruLe nnalynco ror complex
reactive rlOwO.

EQUA’I’10N(IF sTATE AND liitACTl(,)N RATES

Cnlculnt,lori Or rcncLloll MIId rnte
hlntorlro lh crrcctOd hy the nnnumptlon
Or n rcncLnnt-product mquntlorl Or otate.
Wc crjrlnld~r LIIrr renctlrl~ vxl}lorrlve no n
mixture or unrr?actrrd riolld nlld rull$
rcncl,cd, monLly gnnoouf.r prrrdurtn nrld
mrnoure rcncLlorl pru~renm in tcrnttr Or
Lhc m:l:;n rrnctinll Or pruducto, A. As in
mt)nt or our pt”l~vloun work, w(: hnvo untwl
Lhe IK)M rquntlurl Or

ure ‘r!~ji
nLnl.m

Mlr-.flrulwlnr:w rcprrrrcrlLnLlurln
I’or buth collntlLucrltn, wlt.)1 t}IC rrlrrurrul.cd

I

Hugonlot eerving ao the rererence curve
ror the solid and a well-calibrated BKW
[14] calculation Or the Ieentrope
through the Chapman-Jouguet stPte
ref’erencem the products. Ideal mixing
or apeclrlc volume and internal energy
are assumed, along with pressure and
temperature equilibrium. Our calculn-
tlon or A(P,p,e) Is done with a Newtun’n
method lteratlon algorithm nnd computer
subroutine devlaed try C}larlea Foreat.
The cnlculatlorl alao providem ouch
thermodynamic [iertvattves na the sound
apecd, c, and the prenoure derivative

;! ; ;;;{; ;;p6E;pu!aZ;;;1 ;EdlZc~Y~~Yti0n

17enctiotl hlntorles culclllnted with
llOM ror tile two cxprrlmentu on PBX 9501
are shown in Figrr. 6+1 arid 7-a Both
are quite rcgulur. . We cxorclnc ~ithor
Or two optlona 111 cnlculntlng the rriLer3.
one is to cvalunte time dcrivntivoa Or
Itreauure nrld rlenolty in tile l,a~runglan
nrlalyola arid cnlculute

rm:A (ap/at) - c~(ap/at)— - —.- . . — ----—--— . (12)
at PA

Thle wns dono ror tllc rate tllntorlwu rOr
the tluntulrlrd-rrhock cnne nhuwrl in
PIR. fi-b. The othor altcrnutivo la
Hpllnr-ritting or tho tv?ncLlml hlnturi!~n
und dlrrcrentintlrl~, ‘1’hln wan dorm ror
the Lllrce lntcrlor Knu~e locntlono ror
tile nllort,-nhuck C+lnc, FiR. 7-t). The
rcnultn n re more orrat~c thnn the
ount,nlned-nhock cnrir; wc lIIIVe not yet
rwull~R renlly errc~Livc ritting metllurl.
Thin WHO pnrtlculnrly 1I1o r:nnc I%r lIIC
rirnt nrd rlrttl ~nufimntntiorln, no orlly
rcuultn rit Lhr cerlLrnl Ltlreo locntlona
nre nhowrl lrl l+lR. 7.

II
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Fig. 7 Reaction %nd rate hlatorles for ehort-chock experiments.

EMPIRICAL REACTION-RATE CORRELATIONS

Since our group first attempted to
obtain Ein emplrlcal rate correltitlon for
Pnx 9404, we have recognized that a
almple dependence on current preaOure
provided a renaonable correlation ror
ratea analyzed from auatalned~ahock ex-
perimenta[2]. However, the came work
showed that rates rrom ehort-nhock ex-
perlmento Called to correlate with CUY-
rent pressure, and that a larger range
Or lnitlatlon phenomena could be modeled
with a reaction-rate dependence combln-
lng multlpllcntlve Cactora In the dcplc-
tlon, frhock strength tmd current state.
Our cmplrlcal manlremtatlon or the ract
hat! been Llle Qlrect ~nalyulo ~enerated
~odlricd ~rrhvntuu natep or Dh(lMAh.
Thin form provided ~xcellent correla-
tlong of’ raLee rrom both auntrilned- and
mhort-shock experlmentn on PBX 9404[2],
and aubaequently a good Pate calibration
f’)r l.fl-g/cma TATB[3]. Both cnlihra-
tluns have Lrcerr generally nucces3rul in
hyrlrococle aimulnLlons Or a variety of
initiation phenomonap including thoeo l?
trtnte reglona much dlrrerent rrom thnse
or the g~uge experlmf:nta uacd to deter-
mine t.hc ratco. Thin nucceea recently
hnn be[!n cxtnlldcd to detonntiorr -enctlon
zono obrrcrvutlofla on ‘1’ATU[16].

The current-preueure correlntlona
or the ratee calculated f%r P13X 9501 arc
ohrrwn in Fig. B, plotted in n coordi-
Iltlte nyetcm appropriate ror the unual
oxpl~cneiorl for the Foreot Fire rate
L14],

The rate hlatoriea ror the eustained-
ahock experiment obviouely admit to a
current-preeeure correlation over mnet
or the O < i < 0.4 reaction range. He-
caueo the preoeure histories in the
short-shock cane Increaar? overall during
the time covered by experiment (ace
Fig. 5-c), tile correlation 1s reaoonahle
overall. However, 10CFI1 portione with
strongly Increaelng rmtea and constant
or decreasing prerreures r.re not conale-
tent with Eq. (13). The daohed line is
the Forest Fire rate cnlibruti?d in the
ununl manner, using explnrrlvc wedge datn
and n rattle r aenumptive, chock-chan~tn
analyaia or tile huilrlup or the shock
rront. Although t)~c Forest Fire cali-
bration Ie by no me~na ti beet rlt tu our
rate hietorlea, It 1s remarkable thnt it
la In the general vlcinlty, corrnlderlng
the dlrrerent typeo or data and analyfice
uacd.

The rormulntion or DAGMARla:

r rl ~(p,t) c-(F/’r) , (14)..— - %J PI1-A

where p
J

in nhock-rront prcnflure, ‘i’ in
the cur unt Lempcrnturc (n pnr~metcr or
qucotlon~nln phyalcnl rrignl[”lcnncc, cnl-
culoterl in NOM), mnd X[,, tl Kntl T arc
constantnm tl(p,t) la nn irlductlon-tlrne
rnctor that hecomca unity in n rcw
tenthn Or a mlcronccond; thin wns necce-
enry ror tile PMX 9hOd corrclutlon, hut
not ror tt}e l.lJ-g/cm~ 1’A’1’11. on nn
Arrhcniun IJ1OL, t,hc rullct.lorl plot.o BS FI
aevico Or pmrallrl ntrui@lt linen cxccpt
me modlrifid by Lhe u(II,L) ractor nt
early tlmrre (lower LcmpcraLurcn).

9
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Fig. 9 - DAGMARcorrelation for (a) euatained- nnd (h) ehort-shock experiments.

I

Figure 9 nhows that llA(lMAR corre-
late WC1l with our rate datm for both
su8tnlned- and nhort-ohrzck experiments
on PljX 9501. In both caries, the curven
lie nt higllcr lCVCIS In nequcnce Or
incrcanln~ nhock trtrcngth with dccp~r
Eaugee. The rmnge or shock pressures in
thene eaperimetlts is not enough to cval-
unLe the n~porrcnt n, so we prenently use
the n = 2 ror 1*11X Yhoq ror thin colI-
atnnt. The ~rnrrh:cnlly mntchml ckmhcd
llllr!m in Fig. s-u cvrrenpond to
rrlmck states at the r}rat Rnd
gnu~crr, and rcprcflcnk T ■ 1260 K
Z* = [).205 --n nllKht.Jy lnrgrr rntu
ror PIJX 9404. Tllc numc conntnnts

tllc
lnot

nnrl
thnrr

n re

uecd to plot the rnte for the ct?nter
gauge ror the short-shock dntn; it ie a
bit hi~h. We have uot yet nttemptcd to
cnloulnte m tnductlnn-tlmo rnctor, but
the rates at earls tim?n Indlcnte one is
necdod ror PNX 9501.

Although the stwrt-flhock cxpcrirnent
oll !TBX 9404 made the point better, oul’
intu!lt in dlnplnylng khc Cof’relations “
above ie to lndlcnte ~llnt morn can he
lcnrnad about global ro~ctiofl ratce nrm-
lyzing Iruch cxperimcllt.n than wi th
suotained-chock data. Tile IIagranue

annlyses Or the presnurc-Rauge dnta rOr
tile ohort-shock cxpwrimcllto on I’IIX 9004
[2] are recalled by the renponslble

10
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author (JW) as a prooem or lengthy
labor and n ome rather shamerul
rinaEllng. Andermon aubetantlally
Improved the analyaia or preaeure-gatige
data for the work on TATB [3], but was
unabll? to accomplish a Lagrange analysle
or the ehort-chock data at all.
Although there are Peveral Improvements
planned l’or the analyeia reportzd here,
It Ie already relatively little work,
rree or manipulation, and efrectlvo.

The electromagnetic oomblned
Impulse and particle-veloclty eyetem
allows rnte analyeee Or more complex
one-dlmenelonal reactive rlow. In our
group, the hope le to p?oceed rrom em-
pirical correlatlone to more phymlcal
reactlan-rate models ror heterogeneoua
exploaivea, and our belier 18 that the
;“oper way to teat and calibrate theee
models ia with global reaction-rate ln-
rormatlon. For those content with
tea~ing and calibrating their models
with trial-and-error computer
aimulatlona Or obaervatlona, we recom-
mend embedded-gauge mec.aurementa that
are lema demanding experimentally than
thoaa we have deaorlbed.
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